Abstract. Numerous epidemiological and experimental animal studies have indicated that chronic psychological stress may promote tumor development. However, the underlying molecular mechanisms by which chronic stress promotes tumorigenesis remain to be fully elucidated and animal models have not yet been well established. In the present study, an established mouse model of repeated social defeat stress (RSDS), was generated and used to investigate the effect of stress on tumor growth and metastasis. C57BL/6 mice were exposed to RSDS for 10 days, followed by subcutaneousl inoculation with Lewis lung carcinoma cells for seven days. The tumor weight and volume as well as the number of the lung metastatic nodules were then determined. Vascular endothelial growth factor (VEGF) serum levels were measured using ELISAs. In addition, expression levels of VEGF receptor (VEGFR) and L1 cell adhesion molecule (L1CAM) messenger (m)RNA were confirmed using reverse transcription quantitative polymerase chain reaction. Furthermore, protein expression levels of phosphorlyated extracellular signal-regulated kinase (pERK), matrix metalloproteinase (MMP)-2 and MMP-9 were examined using western blot analysis. The results showed that RSDS significantly increased the weight and the volume of the primary tumor as well as the number of the lung metastatic nodules. Serum VEGF levels were significantly higher in the tumor-stress group compared with those of the unstressed tumor mice. In addition, tumors in stressed animals demonstrated markedly enhanced expression of VEGFR-2 and L1CAM mRNA as well as pERK, MMP-2 and MMP-9 protein expression. In conclusion, these results suggested that RSDS contributed to lung cancer progression, angiogenesis and metastasis, which was partially associated with increased VEGF secretion and therefore the activation of the ERK signaling pathway, resulting in the induction of MMP-2 and MMP-9 protein expression.
Introduction
Lung cancer is the most common type of cancer and the most prevalent cause of cancer-associated mortality worldwide, as well as the leading cause of mortality in Chinese males (1) . At present, there are >150 million lung cancer patients worldwide, with >one million novel cases diagnosed per year (2) . Psychological distress, including depression, has previously been associated with increased lung cancer incidence and mortality (3) . In addition, diminishing the effect of psychological stress through social support, including the presence of a social network or psychological intervention, was reported to increase the survival time and decrease the metastatic rate of cancer patients (4) .
Numerous epidemiological studies have provided evidence that chronic psychological stress may have negative influences on the onset, progression and mortality rate of various types of cancer (4) (5) (6) . A meta-analysis of 165 longitudinal studies revealed that psychosocial factors and stressful life experiences were associated with an increased incidence of cancer as well as decreased survival rates (6) . Furthermore, psychosocial interventions have been shown to improve quality of life among cancer patients (7) . However, there is only limited evidence to suggest that chronic stress enhances tumorigenesis in vivo, the molecular mechanisms of which remain to be elucidated (8) .
Psychological factors have been thought to be associated with the downregulation of cellular immune responses, including the number and type of lymphocytes in circulation, proliferative responses in vitro as well as antibody levels post-immunization (9) . These proposed mechanisms were suggested to be involved in cancer defense, as cellular immunity were reported to have an important role in the defense against cancer cells (10) . Following initiation of tumor development, angiogenesis has a critical role in the growth and metastasis of tumors through the constitutive expression of several angiogenic genes, including vascular endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs), particularly MMP-2 and MMP-9, which are involved in extracellular matrix degradation and are crucial for the endothelial cell migration, organization and hence, angiogenesis (11) . In vitro studies have shown that tumor tissue stimulated the production of VEGF via β-adrenergic signaling; this process was blocked by the β-blocker propranolol (12) . In addition, it has been demonstrated that stress hormones modulated the migration and invasion of cancer cells through stimulating the production of MMPs in tumor as well as stromal cells, and also served as chemoattractants for processes such as cell migration (13, 14) . For example, norepinephrine (NE) and epinephrine (E) were found to significantly stimulate the production of MMP-2 and MMP-9 in ovarian cancer cells (15) . MMPs were reported to facilitate tumor cell invasion and contribute to lung cancer progression; MMP-2 and MMP-9 were found to be differentially regulated in patient samples of lung tumor cells, although the physiological factors which modulate lung cancer MMP expression remain to be elucidated (16) .
Stress is a complex process involving environmental and psychosocial factors, which are known to initiate cascade information processing in the peripheral as well as the central nervous system (17) . Animal models which replicate the pathogenesis of human disease are essential for understanding the effects of stress on cancer, amongst other diseases, as well as for investigating potential therapeutic interventions for the effective prevention of tumor progression or further disease complications. In the present study, an established mouse model of repeated social defeat stress (RSDS), which was previously determined to mimic numerous symptoms of depression in humans (18) (19) (20) , was used to investigate the effect of stress on the growth and metastasis of a Lewis lung carcinoma (LLC)-bearing tumor model in C57BL/6J mice in vivo.
Materials and methods

Animals.
A total of 32 male C57BL/6J mice, aged six weeks, were purchased from Shanghai Laboratory Animal Center (Shanghai, China) and housed in the animal experiment center of the Fudan University (Shanghai, China). Male CD-1 mice, aged four months, were obtained from Vital River (Beijing, China) and housed in individual cages. The mice were housed at four per cage in an aseptic room at a constant temperature (23˚C) under a 12-h light/dark cycle (light on from 7:00 AM to 7:00 PM) with ad libitum access to sterilized food and water. All animal experiments were approved by the Fudan University Animal Care and Use Committee. Every effort was made to minimize the number of animals used and their suffering.
RSDS paradigm.
The social defeat stress model was performed as previously described (19, 20) . In brief, male C57BL/6J mice were used as experimental mice while resident mice were CD-1 retired breeders, selected for their attack latencies which are reliably <30 sec. Every day, each experimental mouse was introduced into the home cage of a novel resident aggressor for 5 min and was physically defeated. Then, the resident home cage was divided into two halves using a perforated plexiglass partition to allow sensory contact but preventing further physical contact. Residents and intruders were maintained in sensory contact for 24 h. Experimental mice were submitted to social defeat for 10 consecutive days. Control animals were housed in identically partitioned cages with a paired mouse from the same genotype and switched to opposite sides of the partition daily.
Social avoidance evaluation. Social avoidance evaluation was performed 11 days following the last social defeat using a video tracking system (EthovisionXT with Social Interaction Module; Noldus Information Technology, Wageningen, Netherlands) in a two-trial social interaction task. Testing was performed under red-light conditions in a room isolated from external sound sources. The social interaction test consisted of two separate trials: Trial 1 (no-target) and Trial 2 (target present). In Trial 1 (2.5 min), experimental mice explored an open-field arena containing an empty wire mesh cage on one edge of the arena. In Trial 2 (2.5 min), experimental mice were re-introduced to the arena, now with an unfamiliar CD-1 aggressor positioned in the mesh cage. Noldus video tracking system software was used to measure the time spent in the interaction zone surrounding the target box. Interaction ratios were calculated as the time spent in the interaction zone in the 'target present' condition as a percentage of the time spent in the zone in the 'no target' condition.
Spontaneous metastasis of lung cancer model. The LLC cell line was obtained from Experimental Center of Shanghai Chest Hospital (Shanghai, China) and maintained in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS; Gibco Life Technologies, Grand Island, NY, USA), 100 KU/l penicillin and 100 mg/l streptomycin (Beyotime Institute of Biotechnology, Jiangsu, China) at 37˚C in humidified atmosphere of 5% CO 2 /95% air with medium replacement every two days. Cells in the logarithmic growth phase were used for experiments in the present study. Following seven-day acclimatization, mice were randomly divided into four groups (eight mice per group) as follows: Control group (C), stress group (S), tumor group (T) and tumor-stress group (T-S). Mice in the S and T-S groups were exposed to RSDS for 10 days, as described above, while the mice in the C and T groups were exposed to control conditions. Subsequently, 1x10 6 LLC cells (0.l ml single-cell suspension) were inoculated subcutaneously into the right axilla of mice in the T and T-S groups and the same volume of PBS (0.1 ml) as a control was injected into the C and S groups. Following seven days, the subcutaneous tumors were measured using calipers thrice weekly and the tumor volume was calculated using the following formula: V=1/2(ab 2 ), where a represents the largest tumor diameter and b the smallest diameter. On day 29 the mice were sacrificed by cervical dislocation and tumors were harvested and weighed. Following blood collection, the lungs and tumors were rapidly excised and stored at -80˚C until assays were performed. The schematic diagram of the experimental procedures is shown in Fig. 1A .
Assessment of serum VEGF levels. Serum levels of VEGF were measured by ELISA. Blood was collected by intracardiac puncture and separated in a refrigerated centrifuge at 2,810 x g for 10 min at 4˚C. Serum was separated from the clotted blood by centrifugation and analyzed for VEGF using the Mouse VEGF-A Platinum ELISA kit (eBiosciences, Inc., San Diego, CA, USA) according to the manufacturer's instructions.
Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was extracted from the mouse tumors using TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. Samples containing 0.5 µg total RNA were reverse-transcribed using oligo d(T) and a PrimeScript RT reagent kit (Takara Bio, Inc., Shiga, Japan). The resulting complementary DNA was then subjected to qPCR (IQ-5 System; Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's instructions. PCR amplification was conducted with the following cycling conditions: Enzyme activation at 95˚C for 15 min, followed by 40 cycles consisting of denaturation for 15 sec at 95˚C, annealing for 30 sec at 58-64˚C depending on the primers, and elongation for 30 sec at 72˚C. The primer sequences used were as follows: VEGF receptor 2 (VEGFR2) sense, 5'-GCT GTG AAC GCT TGC CTT ATG ATG-3' and anti-sense, 5'-GCT CGC TGT GTG TTG CTC CTT C-3'; L1 cell adhesion molecule (L1CAM) sense, 5'-CTC CTC ATC CTG CTC ATC CTC TG-3' and anti-sense, 5'-GCC TTC TCT TCA TTG TCA CTC TCC-3'; and GAPDH sense, 5'-AAC TTG GCA TTG TGG AAG G-3' and anti-sense, 5'-GGA TGC AGG GAT GAT GTT CT-3'. The primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) and the data were analyzed using the 2 (-∆∆Ct) method.
Western blot analysis. Mouse tumors were dissected, homogenized and resuspended in radioimmunoprecipitation assay lysis buffer. Lysates were kept on ice for 30 min, vortexed, disrupted by 4 x 30-sec bursts of supersonication with a 550 Sonic Dismembrator (Thermo Fisher Scientific, Hampton, NH, USA) and then centrifuged at 10,800 x g for 20 min at 4˚C. Supernatants were collected and quantified for protein levels with a Bicinchoninic Acid Protein Assay kit (Beyotime Institute of Biotechnology) and a Synergy 2 MultiMode microplate reader (562nm; BioTek Instruments, Inc., Winooski, VT, USA). In brief, supernatants were boiled in 2X SDS loading buffer (Beyotime Institute of Biotechnology), separated using 10% SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc.). The membrane was blocked with 5% non-fat milk (Beyotime Institute of Biotechnology) for 1 h at room temperature and then incubated overnight at 4˚C with the following primary antibodies: Mouse monoclonal anti-phosphorylated extracellular signal-regulated kinase (pERK; 1,000; sc-7383; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), rabbit polyclonal anti-MMP-2 (1:2,000; ab124294; Abcam, Shanghai, China), rabbit monoclonal anti-MMP-9 (1:3,000; EP1255Y; Abcam) and anti-β-actin (1:1,000; AA132; Beyotime Institute of Biotechnology) antibodies. The blots were then incubated for 2 h at room temperature with goat anti-rabbit (A0208) and goat anti-mouse (A0216) horseradish peroxidase-conjugated goat secondary antibodies (1:3,000; Beyotime Institute of Biotechnology) in blocking buffer (Beyotime Institute of Biotechnology). Target proteins were detected using an enhanced chemiluminescence Plus Western Blotting Detection System (Amersham Pharmacia Biotech, Uppsala, Sweden) and images of the blots were captured using a molecular imager (GelDoc XR system; Bio-Rad Laboratories, Inc.). The images were analyzed using 
Results
RSDS causes behavioral sensitization to stress.
Mice were subjected to the ten-day social defeat procedure and then tested for social approach or avoidance behavior in a social interaction test. This was measured by comparing the time a mouse spent in an interaction zone with a social target to the time in that zone in the absence of a social target, as previously described (21) . As shown in Fig. 1B and C, in the absence of an aggressor, the control and RSDS mice spent a comparable length of time in the interaction zone (P>0.05). By contrast, when an aggressor was introduced into the cage, control mice showed a dramatic increase in their interaction time, while chronically defeated mice showed a significant reduction in their interaction time (P<0.01) compared with that in the absence of an aggressor, which implied the successful establishment of the RSDS model.
RSDS promotes lung cancer progression.
The effects of RSRS on lung cancer progression were investigated. Mice in the T and T-S groups were injected with LLC cells and the same volume of PBS was injected into the C and S groups as a control. No tumor formation was observed in mice in the C and S groups. As shown in Fig. 2A , tumors were first observed on day 7 and the volume of tumors increased until day 29, on which the mice were sacrificed. Tumor growth was significantly faster, with a markedly higher final tumor volume in the T-S group compared with that of the T group; the final tumor volume was 69.2% (P<0.001) larger in the T-S group as compared with that of the T group. As shown in Fig. 2B , the mean weight of the tumors in the T-S mice was increased by 258% compared with that of the T mice. In addition, tumor nodules were also detected in the lungs of the T and T-S groups when the mice were sacrificed 19 days following LLC cell injection. As shown in Fig. 2C , RSDS RSDS promotes the expression of VEGF, VEGFR2 and L1CAM. As previously described (10), the growth and metastasis of tumors is closely associated with angiogenesis. In the present study, it was investigated whether RSDS influenced the mRNA expression of VEGFR2 and L1CAM in the lung tissues and the serum levels of VEGF. As shown in Fig. 3A , serum VEGF levels were significantly higher in the T-S group compared with those of the unstressed T mice (P<0.05). Consistent with this, the mRNA expression of L1CAM and VEGFR2 in the lung tissue from the T-S mice was significantly increased compared with that in the T group (P<0.05) (Fig. 3B  and C) . By contrast, no significant differences were observed in mRNA expression of VEGFR2 and L1CAM in the lung tissues or the serum levels of VEGF between the S and C groups (P<0.05). These results suggested that angiogenic processes mediated the effects of RSDS on tumor growth in LLC cell-bearing mice.
RSDS upregulates pERK, MMP-2 and MMP-9 protein expression.
In order to verify whether upregulation of VEGF and VEGFR2 resulted in the activation of the gene transcription of downstream targets, western blot analysis was used to determine the expression levels of angiogenesis-associated proteins, including pERK, MMP-2 and MMP-9 in normal lung tissue from the C and S groups as well as tumor tissue from the T and T-S groups. The results showed that RSDS induced a significant increase in pERK, MMP-2 and MMP-9 protein expression levels compared with levels in the unstressed T group (P<0.01). No significant differences were noted in protein levels of pERK, MMP-2 and MMP-9 in normal lung tissues between the S and C groups (P>0.05) (Fig. 4) .
Discussion
Previous studies have revealed that psychological stress may be a potential modulator of cancer progression and this has become an important novel field of cancer research (22) . Clinical and experimental animal studies indicated that stress, chronic depression and other psychological factors may influence the pathogenesis and progression of cancer. In the present study, an established RSDS mouse model, based on previous social defeat studies (18, 19) , was used to explore the influence of stress on tumor growth and metastasis. The mechanisms by which chronic stress promoted tumorigenesis have previously been investigated (23) . The results of the present study demonstrated that RSDS significantly increased the weight and volume of primary tumors as well as the number of the lung metastatic nodules. In addition, serum VEGF levels were significantly higher in the T-S group compared with those of the unstressed T mice. Furthermore, tumors in stressed animals showed markedly enhanced mRNA expression of VEGFR2 and L1CAM as well as protein levels of pERK, MMP-2 and MMP-9. These data suggested that RSDS contributed to lung cancer progression, angiogenesis and metastasis, which was partially associated with increased VEGF secretion and therefore activated the ERK signaling pathway, resulting in the induction of MMP-2 and MMP-9 expression.
Cancer metastasis, which is resistant to conventional therapies, is the primary cause of cancer-associated mortality (11) . In addition, the result of cancer metastasis is dependent upon the tumor cells themselves as well as on the organ microenvironment (24) . Therefore, treatments should be aimed at targeting the cancer cells as well as the host factors which contribute to the progressive growth and survival of metastatic cancer cells. Previous clinical and epidemiological studies have reported that psychosocial factors, including 
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stress, chronic depression and lack of social support, may be risk factors for cancer progression (6, 15, 25) . However, there have been limited studies into the role of psychosocial factors in cancer initiation, although certain studies have reported that these factors may have a negative role in the progression of the cancer (26, 27) . Studies have suggested that the chronicity of a negative effect sustains the activation of the pathways it mediates, which may be associated with cancer progression (28) . Numerous studies have associated high levels of social support with improved clinical outcomes in cancer patients; in breast cancer patients, social support was associated with prolonged survival rates in multiple large-scale studies (29, 30) , although negative findings were noted in certain studies (31) . In view of the fact that there is still controversy over the role of psychosocial factors on carcinoma metastasis, further studies are required in order to verify this hypothesis and thereby provide more effective means for the potential treatment of cancer.
Based on previous findings, it was hypothesized that psychological factors reduce the body's immune system and have a positive role in the initiation and progression of cancer (19) . Therefore, in the present study, an established RSDS mouse model, which was previously shown to mimic numerous symptoms of depression in humans (18, 19) , was used to investigate the effect of stress on tumor growth and metastasis in a LLC-bearing tumor model.
Animal models which replicate the pathogenesis of human disease are essential for understanding the effects of stress on cancer, amongst other diseases (17) . The consideration of chronic psychological stress due to socio-economic factors and disease-associated anxiety is an important, but overlooked aspect of cancer intervention that requires inclusion in preventative and therapeutic strategies for the successful treatment of lung cancer. The majority of previous studies have used various forms of chronic stress in order to replicate the behavioral adaptations associated with depression in animal models (32) . These models include chronic unpredictable stress, restraint stress or foot-shock stress, which may be followed by behavioral measures of anhedonia (e.g., sucrose preference) or behavioral despair (e.g., forced swim test and tail suspension test) (33) . However, all of these models are inconsistent with the etiology of the depression and cannot address the various validities which are required to produce an effective animal model of depression. The RSDS model used in the present study is performed on the basis of the etiology of the depression; it is comparable with the process of psychological factors acting on the human and better simulates the pathogenesis of human depression. In addition, another feature of this model is that social avoidance induced by 10 days of social defeat can be reserved through chronic, but not acute, anti-depressant treatments (18, 33) . A previous study, which examined psychological distress and its association with the site of cancer reported that primary lung cancer was markedly associated with psychological distress in cancer patients (34) . In addition, numerous studies have revealed that psychological distress was more prevalent in patients with lung cancer compared with other types of cancer (35) . Therefore, in the present study, the RSDS model was combined with the spontaneous metastasis of lung carcinoma through inoculation of LLC cells in mice. This enabled the observation of the effect of psychological factors on the growth and metastasis of lung carcinoma.
Stress commonly occurs due to an imbalance between environmental requirements and an individual's abilities, and is often defined as the experience of a negative life event (36) . Recently, studies have documented that stress may promote tumor incidence and progression (37) . Metastasis is a complex process that requires the development of several hallmarks in order to occur, including angiogenesis, proliferation, invasion, embolization and evasion of immune system surveillance (38) . Increasing evidence has suggested that the stress response may have roles is numerous aspects of this cascade, as cellular and molecular studies have associated stress with several processes known to be involved in cancer angiogenesis and metastasis (39) . Angiogenesis involves the release of pro-angiogenic factors. VEGF is an angiogenic molecule which has important roles in embryogenesis, physiologic angiogenesis and the neovascularization of malignancies. Previous clinical studies have reported associations between increased levels of social support and lower VEGF expression in sera and tumor tissues (40) . Furthermore, angiogenesis was found to be significantly upregulated in tumors in stressed mice compared with those in control mice; in addition, VEGF mRNA and protein levels were signifi cantly elevated in tumor samples from mice exposed to daily stress (23) . Consistent with these results, these present study demonstrated that serum VEGF levels were significantly increased in the T-S group compared with those in the unstressed T mice; in addition, the expression of VEGFR2 and L1CAM mRNA in lung tissue from the T-S group was significantly increased compared with that in the T group.
MMPs are a family of endoproteinases, which are essential for the degradation of the extracellular matrix and contribute to cancer initiation, growth, invasion and metastasis (41) . The gelatinases A (MMP-2) and B (MMP-9) have been reported to be associated with an increased malignancy of tumor cells, as they are able to degrade type-IV collagen in the basement membrane (42) , which was reported to be important for the invasive and metastatic potential in lung carcinoma (43) . However, to date, the physiological factors involved in the modulation of MMP expression in lung cancer have remained to be elucidated. The results of the present study identified chronic stress as a novel regulator of MMP expression, which selectively upregulated MMP-9 and MMP-2 in the tumors of stressed animals. The ERK1/2 signaling pathways are important molecular pathways downstream of VEGF, which participate in regulating the expression of numerous genes (44) . However, it has not yet been elucidated whether VEGF regulates the expression of MMP-2/9 through the ERK pathway. It was reported that estrogen increased the expression of VEGF, and thus activated ERK1/2 signaling to induce MMP-2/9 expression (45). In order to verify these findings in the present study, western blot analysis was used to detect the expression of pERK; the results showed that RSDS upregulated the expression of pERK in the tumor tissue of stressed mice. These data suggested that RSDS may contribute to lung cancer progression, angiogenesis and metastasis, which was found to be, in part, associated with increased VEGF secretion and there-fore activated the ERK pathway, resulting in the induction of MMP-2 and MMP-9 protein expression.
Future studies are required in order to further explore the specific molecular mechanism by which stress hormones modulate the interplay between tumor and stromal cells in the tumor microenvironment, resulting in the regulation of various signaling pathways associated with cancer progression. The elucidation of these pathways is therefore essential for the development of novel approaches to prevent and treat the deleterious effects of stress biology on cancer growth and metastasis.
In conclusion, the results of the present study expanded on the current understanding of the general pathways by which stress regulates cancer pathogenesis. These results have demonstrated that RSDS significantly promoted tumor growth, metastasis and angiogenesis, which was partially associated with increased VEGF secretion and the subsequent activation of the ERK signaling pathway, resulting in the induction of MMP-2 and MMP-9 protein expression. However, further studies are required in order to elucidate the psychoneuroimmunological details of the influence of chronic stress on lung cancer progression.
